spectra were matched to peptides by the SEQUEST search algorithm, which identified 3,002 peptides corresponding to 506 unique proteins, of which 20 significantly changed abundance 24 h after aldosterone injection. Conclusion: We find the method suitable and useful for studying hormonal effects on protein abundance in distal tubular segments.
Introduction
The principal cells in the late distal convoluted tubule (DCT2), the connecting tubule (CNT), and the initial cortical collecting duct (iCCD) play a critical role in finetuning the Na + reabsorption, K + secretion and total body fluid volume [1] . Here, aldosterone is intricately involved in this regulation, and is produced in the cortex of the adrenal gland in response to elevated plasma concentrations of angiotensin II or K + [1] . Hypothesis-driven studies have so far successfully dealt with aldosterone's effects on known transport proteins or their regulatory pathways in renal tubules. The aim of this study was to establish a method for more broadly identify-p10 ing proteins in the principal cells of the DCT2, CNT and iCCD that are regulated 24 h after aldosterone administration. Current large-scale mass spectrometry-based proteomic analysis offers a way to identify and quantify a large amount of proteins in a certain cell type with high accuracy and speed [2] . Liquid chromatography-tandem mass spectrometry (LC-MS/MS) uses mass to charge ratio to identify peptides in a solution. We utilized an approach to first tag each peptide sample with isobaric tags for relative and absolute quantitation (iTRAQ) molecules. The quantitation is done on the iTRAQ reporter ion intensities instead of the mass to charge spectra. The advantages of iTRAQ include the ability to run the samples simultaneously. However, such analysis requires a relatively large amount of protein, commonly up to 100 μg or more per sample. Previously, the yield of protein obtained from manually isolated renal tubules has been quite low and hindered large-scale proteomic studies.
We exploited a transgenic mouse line endogenously expressing enhanced green fluorescent protein (eGFP) in the late DCT, CNT and iCCD to sort renal cells based on their fluorescent properties and obtain enriched populations of cells from these tubules. We identified more than 500 proteins from the DCT, CNT and iCCD, and the abundance of several of these novel proteins was affected by aldosterone administration.
Methods

Animals and Aldosterone Administration
Transgenic c57bl/6 mice expressing eGFP driven by the TRPv5 promoter in DCT2, CNT and iCCD [3] were injected subcutaneously with 2.0 mg/kg aldosterone (Sigma-Aldrich) in sunflower seed oil or vehicle 24 h prior to sacrifice. Male c57bl/6 mice (Taconic) were treated similarly with an extra group receiving two 2.0 mg/ kg aldosterone injections 24 and 48 h before sacrifice for immunostaining. Plasma aldosterone was assessed by Coat-a-Count Aldosterone Kit (Siemens). The authors are licensed to breed the GMO mice and conduct the described experiments by the Danish Ministry of Justice.
Cell Isolation and Fluorescence-Activated Cell Sorting
Blood was drawn during isofluorane anesthesia, and kidneys were perfused with 37 ° C physiological isolation solution with 1 μl/ ml proteinase K (Roche Diagnostics) [3] . Each kidney was sliced and incubated for 45 min in isolation solution on a shaking table at 37 ° C. Tubules were digested to single cells using a trypsin/ EDTA solution (Invitrogen) twice at 37 ° C for 5 min. The cells were passed through a 40-μm mesh, and eGFP-positive kidney cells were isolated on a FACSAria III (BD Biosciences). Dead cells were excluded by propidium iodide uptake. Isolates were added to 8 M urea buffer and sonicated on ice. The lysate was centrifuged at 10,000 g , and the supernatant was stored at -80 ° C.
Labeling with iTRAQ Samples were pooled to obtain 100 μg of protein each. A total of 3 aldosterone-treated samples and 3 vehicle-treated samples were obtained from 5 mice in each group. Two whole kidney homogenates were used as control of enrichment. Eight-plex iTRAQ labeling (Applied Biosystems) tagged control samples 1-3 with iTRAQ molecules 113-115, respectively, aldosterone samples 1-3 with 116-118, and the whole kidney homogenates with 119 and 121 and processed as previously described [4] .
Liquid Chromatography-Tandem Mass Spectrometry
Samples were analyzed by LC-MS/MS using an Eksigent nanoflow LC system connected to an LTQ Orbitrap Velos mass spectrometer (Thermo Scientific) as described previously [4] . MS2 spectra were used for peptide identification by running the SE-QUEST algorithm (Proteome Discoverer 1.2, Thermo Scientific). Peptides that matched multiple proteins were identified using ProMatch software and excluded from further analysis.
Tissue Fixation and Immunohistochemical Staining
Kidneys were perfusion fixed and stained as described previously [3] . Here, sections were incubated overnight with rabbit anti-pyruvate kinase antibody (PKM2, Epitomics). Fluorescence imaging was performed on a Leica DM IRE2 confocal microscope and semi-quantitation was performed as previously described [5] .
Statistics
For quantification of MS data, reporter ion peak intensity for peptides belonging to the same protein were summed for each sample and tested by two-tailed t tests choosing a significance level of p < 0.05.
Results
Validation of Plasma Aldosterone Increase
The plasma aldosterone concentration after 24 h of treatment increased more than 5-fold compared to the vehicle-treated group ( fig. 1 a) . The normal value is 20 ng/ dl [6] . Plasma K + was 3.56 ± 0.17 m M in vehicle-treated and 2.75 ± 0.16 m M at 24 h after aldosterone administration (p < 0.01, n = 6). Thus, it seems that a suitable increase in plasma aldosterone concentration was achieved within the 24-hour timeframe by the chosen protocol.
Enzymatic Digestion and Isolation of eGFP-Positive Cells
Enrichment of the samples with DCT2, CNT and iCCD cells and minimizing other renal cells was achieved by (1) exploiting a mouse line with endogenous expression of eGFP in DCT2, CNT and iCCD ( fig. 1 b) ; (2) 7 cells were isolated per mouse kidney, and 3-5% of these cells were eGFP positive ( fig. 2 c) . More than 97% of the cells were alive based on the exclusion of propidium iodide. Reanalysis revealed a purity of more than 70% eGFP-positive cells (range 70-79%), which is equivalent to more than a 20-fold enrichment of the eGFP-positive cells. This enrichment as well as the cellular appearance during all preceding stages were confirmed by fluorescence and differential interference contrast microscopy. No cell 'blebbing' was observed.
Identification of Proteins in DCT2, CNT and iCCD Cells by Mass Spectrometry
The MS identified 3,002 peptides with sequences matching 506 unique proteins. URL: http://helixweb.nih. gov/ESBL/Database/STADT/. All data on proteins discussed in this study can be accessed via this link. These proteins included mitochondrial membrane-associated proteins, transporters and proteins taking part in oxidative phosphorylation. Table 1 lists common markers of DCT2/CNT/iCCD and other proteins that were enriched by the FACS compared to whole kidney and markers from other tubules that are found in lower abundance after FACS. No markers of glomeruli, proximal tubules, thin limbs or thick ascending limbs were enriched by the procedure.
Identification of Aldosterone-Regulated Polypeptides
Stringent criteria were set for the MS2 spectra based on the peptide elution profile and reporter ion intensities, allowing only peptides that had been identified in all the samples to be included in the quantitation. A total of 3,002 peptides from 506 unique proteins were identified by MS, and of these 1,455 peptides were quantified, corresponding to 289 proteins. Twenty of these proteins were significantly regulated by aldosterone. Figure 3 shows FACS-enriched proteins with significantly increased or decreased abundance at 24 h after aldosterone administration in the MS2 run, while figure 4 shows the aldosterone-regulated proteins that were not enriched by FACS. 
Validation of Selected Aldosterone-Regulated Proteins
Several proteins changed numerically in abundance upon aldosterone administration without reaching statistical significance, with a trend towards increases in glycolytic enzymes and a decrease in glyconeogenic enzymes. To assess whether these enzymes were in fact increased by other methods, one enzyme with an apparently large change in abundance (60%) was selected for further analysis: pyruvate kinase, the rate-limiting step in the glycolysis. Immunohistochemical analysis was performed to verify the regulation of pyruvate kinase in separate experiments on wild-type mice. The antibody against the pyruvate kinase M2 isoform in the TRPv5- positive tubules selectively stained near the apical domain of these tubules and seemed to be regulated by aldosterone administration ( fig. 5 a) . Pyruvate kinase M2 abundance was increased by 77% at 24 h, and by 190% at 48 h after aldosterone administration compared to controls as assessed by semiquantitative immunofluorescence histochemistry (p > 0.05, p < 0.05, respectively, n = 6; fig. 5 b) .
Discussion
In this study, we present a method to evaluate hormonal effects on protein abundance in DCT2, CNT and iCCD, and report the short-term effects of aldosterone in these TRPv5-positive tubules. FACS was chosen for the isolation of renal cells because of its advantageous speed and yield in order to gain enough viable material for quantitative mass spectrometry. The highest purity achieved in the current study was 79%. This is probably due to the complex mixture of cells and debris derived from minced and enzymatically digested kidney including matrix proteins as compared to samples isolated from e.g. blood. To minimize contamination with cell debris, FACS was optimized for excluding small particles. In a similar study by Da Silva et al. [7] , the yield was much smaller but of higher purity.
Although some membrane proteins would be expected to be cleaved by the enzymatic treatment, a following study showed no change in migration of AQP2 of the Na cotransporter (NCC) migrated as a single band of approximately 70 kDa instead of 140 kDa. These observations and the lack of cell 'blebbing' on routine microscopical inspection indicate that the isolated cells and even the proteins are in a state fit for further analysis. By including whole renal cortex samples in the iTRAQ, we have validated the FACS enrichment of typical distal tubules such as AQP2, NCC, corticosteroid 11β-dehydrogenase 2, kallikrein-1, and calbindin, while contaminating proteins from other tubular segments were found in lower abundance.
Applying our stringent criteria could potentially mask most actual changes between samples. For instance, one identified protein enriched in our eGFP-positive cells aquaporin 2 has a ratio of more than 2, but was excluded for quantification by the software algorithm based on peptide elution profile and reporter ion intensities. The iTRAQ technique has a known 'ratio compression' problem (i.e. reporter ions from coeluted contaminant peptides dilute out the real changes leading to a compression of ratios toward 1: 1). This problem in general makes quantification less significant, and currently there is no well-accepted way to solve this. In this study, the abundance of the thiazide-sensitive NCC, a well-known target for aldosterone in the DCT [8] , increased by only 10% in the aldosterone-treated group (p = 0.21) compared to controls. Using a cutoff based on a fold change only (e.g. >1.5 or <0.67), the linked database provides several additional candidate proteins that would be worth pursuing for further validation.
We present seven FACS-enriched proteins with significantly changed abundance 24 h after aldosterone administration of very diverse cellular functions ( fig. 3 ) . Interestingly, annexins 2 and 4 are cytosolic phospholipidbinding proteins involved in organizing exocytosis or endocytosis [9] . The change in abundance for both proteins by hormonal status has been documented in the renal tubules previously [10] . Also laminin subunit-β 2 is known to have a restricted tissue distribution, which includes the collecting ducts [11] .
Aldosterone is known to increase Na + reabsorption and K + secretion by enhancing basolateral Na + , K + -ATPase activity [12] , apical Na + influx through ENaC [13] and the apical K + exit through ROMK channels [14, 15] . The increased need for ATP to drive the Na + , K + -ATPase is met by an aldosterone-induced increase in the activity of the respiratory chain enzymes [16] and enzymes in mitochondrial ATP synthesis [17] . Pyruvate kinase is one rate-limiting enzyme in the glycolysis; it served in this study as an example of a protein with a relatively large change in abundance that did not reach statistical significance by MS2 but did so by semiquantitative immunohistochemistry. Handler et al. [16] showed that aldosterone administration decreased the pyruvate kinase substrate phosphoenolpyruvate and increased pyruvate in toad bladder implying an increased enzyme activity. We show that this may indeed also be the case in the CNT and collecting duct, which are the mammal equivalents of the toad bladder.
In conclusion, we present a method to isolate viable mouse DCT2, CNT and iCCD cells using endogenous eGFP and FACS. Mass spectrometry identified 20 proteins that were significantly regulated in abundance 24 h after aldosterone administration, and we provide a database containing many more proteins that are potentially regulated. It is our hope that further analysis of the database may spur new investigations of the early aldosterone-regulated proteins in renal tubules.
